Withers height is an important economic trait for the American Miniature Horses (AMHs) as the breeders' primary objective is to produce small and proportionate animals. Identification of Quantitative Trait Loci (QTLs) affecting height in this breed will result in a better understanding of the genetic architecture and biological pathways contributing to skeletal development. In earlier work, we genotyped 48 horses from 16 different breeds that represent extremes in body size, using the Equine SNP50 bead chip (Illumina Inc). In this study, we applied a dominant model Genome-wide association study (GWAS), a genome-wide fixation index (F ST ) estimation, as well as a cross-population composite likelihood ratio (XP-CLR) test between the eight large and eight small breeds from this data set. Our GWAS implicated the marker at ECA1:37,676,322 bp, positioned within an intron of the ANKRD1 gene, was significantly associated with height variation. An XP-CLR scan further supported a role in height for the ECA1:37,676,322 bp locus and the F ST analysis supported correlations to IGF2BP2 at ECA19:23,815,750. To confirm our findings, we genotyped the candidate loci in an independent set of 89 AMHs. This set verified that the locus at ANKRD1 gene indeed correlates to height under a dominant mode of inheritance, but not the locus at the IGF2BP2 gene. ANKRD1, a transcription factor involved in myocyte growth and differentiation, may contribute to height by influencing the overall growth of the horses. This marker will be a valuable tool for the selection of breeding stock in breeds with height restrictions for registration.
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Introduction
Height variation in humans is controlled by over 600 loci, yet only 36% of the variability could be explained by these loci [1] . In contrast, just a few genes contribute to the genetic architecture of body size in a number of domesticated species because of intense artificial selection for size. For instance, just six loci explain most of the size variation in dogs [2] . Like other domesticated species, domestication drove selection in the horse to create diverse skeletal compositions suitable to perform various tasks [3] . As a result, the modern horse now possesses ample skeletal size variability both within and between breeds. We previously reported four loci that together explained 83% in horse size variation [4] . These loci were near the LCORL/NCAPG genes at ECA3:105,547,002, the HMGA2 gene at ECA6:81,481,064, the ZFAT gene at ECA6:75,550,059, and the LASP1 gene at ECA11:23,259,732. Subsequent work also observed height Quantitative Trait Loci (QTLs) near LCORL/NCAPG within the Tennessee Walking Horse [5] , and ZFAT within the Franches-Montagne [6] . Likewise, several independent studies also detected the HMGA2 height QTL [4, 7, 8] . Although some of these loci contribute to size variation across different breeds, as is the case for LCORL and HMGA2, others are unique to specific horse populations, such as a TBX3 polymorphism in the Debao pony [7] .
Genome-wide association study (GWAS) approaches have also identified biologically meaningful candidate genes close to the significant single nucleotide polymorphism (SNPs). Mixed model GWAS greatly reduces the population structure, and therefore false positive results [9] , which narrows down the results to those that are more likely to contain the causative mutations. Therefore, they are used extensively in studies involving admixed or related groups of individuals (e.g., [10] [11] [12] ). The genome-wide genotype data sets can also be used in screening the genome for regions containing signatures of selection, enabling discovery of various biologically relevant genes in cattle [13] , pig [14] , and sheep [15] .
The aim of this study was to identify QTLs controlling size variation in withers height in the horse. Instead of the standard additive model, we used both a dominant and a recessive mixed-model approach. Advantageously, our data set was comprised of diverse breeds representing the extremes in skeletal morphology in an equal proportion. We therefore decided to conduct a genome-wide search for regions harboring signatures of selection using two methods by splitting the animals into two groups of large and small breeds. The first method was the fixation index (F ST ) test [16] and the second was the cross-population composite likelihood ratio (XP-CLR) test, which is based on the multilocus allele frequency differentiation between two populations [17] . Both the F ST and XP-CLR use the variation in allele frequencies between two populations to detect selective sweeps. We found that, using a dominant model GWAS, we could detect a novel locus correlated with body size variation in horses. The XP-CLR analysis supported this locus, a marker in an intron in ANKRD1 gene. The second locus, was detected by the F ST analysis and lies in an intron at IGF2BP2 gene.
Materials and Methods

Animal Resources, Samples Collection
We defined and measured the trait "withers height", as previously reported in Brooks et al 2010 [3] : the distance measured by a flexible tape held perpendicular to the ground, from the ground to the highest point of the withers (ridge between shoulder blades). Private owners volunteered their horses for participation in the study. In total, there were 48 horses belonging to 16 different breeds (three from each breed) used in this study ( Table 1) . As an independent population for validation of our findings, we used a set of 89 randomly chosen AMH that were similarly phenotyped for withers height.
SNP Genotyping and Quality Control
Here, we have reanalyzed a previously published whole genome SNP data set [4] comprising 54,624 SNPs (http:// www.animalgenome.org/repository/pub/CORNEL2016.1214/). We removed SNPs with more than 20% missingness rate and those with a minor allele frequency less than 10%. Of the initial set of 54,624 SNPs, 16,938 SNPs failed to surpass the minor allele frequency threshold and 505 SNPs (0.92%) failed due to missingness, leaving 37,584 SNPs for analysis. We also tested for samples duplicates using identity by state check in PLINK [18] and detected no sample duplicates.
Statistical Analyses for the GWAS
We first performed the GWAS analysis using a standard dominance model association (with gender as a covariate) using the optionddominant in PLINK. We also examined Table 1 Three horses of each of the following horse breeds have been genotyped for the study. The breed name and mean height, STDEV and range for each breed in cm and inches are given.
Breed
Size the same model using EMMA [19] which, unlike the standard linear model, includes kinship as a random effect in a mixed model approach. Using a mixed model for the analysis allowed us to account for the population structure and therefore reducing false positive hits [19] . Our model was as follows:
where y is the vector of phenotypic values of withers height; X is a 48 by 3 matrix of fixed effects including the mean (m), SNPs, and gender; b is the fixed effects coefficients vector; Z is a design matrix that maps the phenotype to the corresponding breed; u is the random effect with Var (u) ¼ s 2 g K, where K is the genomic kinship relationship matrix; and e is the residual effect where e w N (0, I s 2 e ). Assuming that A and a be the major and minor alleles at a SNP respectively, our genotype coding (scores) for the dominant model was 0, 1, and 1 for AA, Aa, and aa, respectively. The genotype coding for the recessive model was 0, 0, and 1 for AA, Aa, and aa, respectively. Given the 37,584 markers tested and the two models tested, Bonferroni correction for multiple hypothesis testing at a P value of .05 yielded a genome-wide significance P value of 6.6 Â 10 À7 .
Genome-Wide Search for Selective Sweeps
Based on the distribution of withers height measurements, a cutoff of 152 cm neatly separated our divergent breeds into "large" and "small" groups comprising 24 animals each (Fig. 1) . To search for regions with unusually strong polymorphism patterns genome wide (i.e., regions of elevated population subdivision signals), the F ST genetic differentiation test was calculated using the R package "pegas" [20] . To search for regions where the change in allele frequency occurred quickly, perhaps due to random drift, we calculated the XP-CLR scores using the script available at http://genetics.med.harvard.edu/reich/Reich_ Lab/Software.html [17] . Our parameters were as follows: nonoverlapping sliding windows of 50 kb with a maximum number of SNPs per window being 30 SNPs and a correlation level of 0.95 was required to down-weight the contribution of SNPs to XP-CLR. "Selection outliers," defined as the top 0.01% values of the empirical distribution of F ST and XP-CLR tests defined our candidate regions likely altered by the action of positive and/or divergent selection.
Functional Annotation of GWAS Results and Selective Sweeps Regions
Genes intersecting 50 kb windows centered on markers surpassing a genome-wide significance level (6.6 Â 10
À7
) and on the genomic regions with selection signals identified by F ST and XP-CLR tests, were annotated from the current ENSEMBL annotation (version 86) in the EquCab2 genome assembly. We selected a span of 50 kb based on previously reported estimates of linkage disequilibrium length across breeds of horse [21] .
Verification of Candidate QTLs
We sought to validate the newly discovered loci (ANKRD1 and IGF2BP2) in an independent validation set of 89 American Miniature Horses (AMHs). The historically continuous selection this breed has undergone makes it ideal for investigating loci under selection. Accordingly, the modern breed registry dictates that the height of the mature AMH at the withers must not exceed 86.4 cm (34 inches). In addition, body size is an economically valuable trait for the AMH breeders. The ANKRD1 marker at ECA1: 37,676,322 bp was genotyped using PCR-RFLP. The primers used were: ANKRD1_F2 5 0 -GTC TGT GAC GAG GTA AGG CT-3 0 and ANKRD1_R2 5 0 -GCC AAA TGT CCT TCC AAG CA-3 0 .
Reactions were made to a 20 mL volume using FastStart Taq DRn were excluded.
Results
Association Analysis
The QQ plot of GWAS P values for the linear model (PLINK) and the linear mixed model (EMMA), presented in Fig. 2 , shows clearly the EMMA correction for the population structure within this population. The genomic inflation factor (l) after EMMA correction was 1.0695, which is suitable for GWAS. We detected no significant associations using the recessive model. However, application of a dominant model GWAS identified two of the four previously identified loci significantly correlated with withers height [4] (Fig. 3A and Tables 2 and S1 ). Namely, these were LCORL/ NCAPG genes (at ECA3:105,547,002) and HMGA2 (at ECA6:81,481,064). Through our novel analysis approach, we detected a novel QTL within an intron of the Ankyrin Repeat Domain 1 (ANKRD1) gene at ECA1:37,676,322.
Identification of Signals for Selective Sweeps
We identified five regions suggestive of a recent selective sweep using the genome-wide F ST approach (Fig. 3B ), containing six ENSEMBL annotated genes (Table S1) . Notably, this method detected a locus at the IGF2BP2 locus. The four highest genome-wide XP-CLR scores resided within the ANKRD1 region. Among the loci within the top 0.01% of XP-CLR scores, we also detected the high-mobility group AT-hook (HMGA2).
Validation of the Candidate QTLs in AMHs
Our validation results of the IGF2BP2 (detected by the F ST analysis) at ECA19:23,815,750 showed no significant association of the locus with withers height (P value ¼ .35; Fig. 4B ). Unfortunately, eight samples failed to amplify in the HRM analysis of IGF2BP2. The genotypic count at this locus were CC ¼ 36, CT ¼ 41, and TT ¼ 4. On the other hand, the validation results verified a significant association between the ANKRD1 locus (detected by GWAS) at ECA1: 37,676,322 bp and height at the withers in the validation sample set (P value ¼ .0099). The counts of AA, AG, and GG genotypes were 13, 56, and 20 with frequencies 14.6%, 62.9% and 22.4%, respectively. Horses carrying the GG or AG genotypes at ANKRD1 were taller on average (mean ¼ 34.37, SD ¼ 5.86) than those with the AA genotype (mean ¼ 83.21, SD ¼ 5.86) (Fig. 4A) . The proportion of variation of withers height explained by the markers was estimated following the approach used by Makvandi-Nejad [4] . Alone, the ANKRD1 locus explained 7.98% of the genetic variance.
Discussion
It is imperative to clarify that, as for any QTL study, candidate regions detected by the GWAS and selective sweeps analysis are only associated with traits of interest, and that this statistical relationship cannot infer causation for these loci. Rather, these markers may simply be in strong linkage disequilibrium with other, functionally important, variants that generate the measured trait. Additional indepth investigation of the identified regions, careful consideration of the biological roles of newly annotated gene products in these loci, and additional experiments are required to conclusively establish the mechanisms creating these traits.
Loci bearing signatures of selection may help elucidate the forces that shape an animal during evolution and domestication, and can facilitate the identification of variants that affect different morphologies [22] . Scanning the genome for such signatures in domestic animals is particularly interesting as they harbor more phenotypic diversity than experimental organisms [23] . In a way, humans have conducted a long-term genetic experiment in which they have altered the frequency of desired/undesired mutations in domesticated species to their advantage. The horse breeds used in this study diverged for millennia into diverse different skeletal types to meet specific, human specified tasks [4] . Therefore, searching for selection signatures in such a set of extreme morphology for size can illustrate how artificial selection yielded this phenotype. These scans have previously shed light on the genomic regions affecting size variation in humans [24] and horses [25] . Numerous methods exist to search for selection signatures using genotypic data. Here, we used two different across-population methods to infer putative selective sweeps. The first was the F ST statistic [26] and the second method was the XP-CLR [17] , which is composite likelihood method that uses an outgroup population to detect departures from neutrality due to soft or hard sweeps close to the beneficial allele. Like F ST , XP-CLR also uses the variation of allele frequency between two populations to identify signatures of selection.
Our validation analysis indicated that the ANKRD1 locus is associated with withers height in the AMH (P value ¼ .00099). ANKRD1 encodes the cardiac ankyrin repeat protein (CARP), a member of the larger muscle ankyrin repeat proteins (MARP) gene family [27] . Involved in the signaling pathways of muscle remodeling and tissue differentiation [28, 29] , ANKRD1 expression is higher in cardiac muscle than other members of the MARP family [30] . During embryonic development, MARP proteins are vital for skeletal muscle morphogenesis [31] . As a nuclear cofactor, MARP signaling directs pathways triggering tendon mesenchyme to form muscle. ANKRD1 itself is upregulated in response to cardiac hypertrophy [32] and missense mutations within this gene can cause heritable hypertrophic cardiomyopathy [33] . Nevertheless, it was reported that mice knock out for all three MARP genes (MKO mice) have normal heart morphology and function [30] . The MARP KO mice overexpress MYOD and muscle LIM protein (MLP) genes, suggesting the MARPs play a role in regulation of muscle genes [34] . ANKRD1 was also found to be involved in wound healing through stimulating collagen gel contraction and actin fiber organization [35] . Although the IGF2BP2 locus was detected by the F ST analysis, the validation analysis showed that IGF2BP2 locus is not significantly associated with withers height in the AMH (P value ¼ .35). It is worth mentioning that the low number of horses harboring the TT genotype (only four horses) for the IGF2BP2 locus could have negatively impacted the statistical analysis in the validation set. Therefore, investigating this locus in a larger sample may lead to validating its relationship to withers height. The IGF2BP family is highly expressed during embryonic development, specifically in the period between zygote and embryo stages [36] . IGF2BP1 and IGF2BP3 are primarily expressed during embryonic development rather than in adult tissues [37] . Although IGF2BP2 is also expressed in embryonic development, it continues to be expressed in adult mice and human tissues such as the brain, muscles, kidney, liver, and bone marrow [38] . HMGA2 may alter skeletal growth by directly regulating the IGF2BP2 gene [39] . Targeted silencing of HMGA2, a gene previously implicated to affect overall size in horses [4, 7, 8] , causes a pygmy phenotype in mice and a concurrent downregulation of IGF2BP2, but not its family members IGF2BP1 and IGF2BP3 [40] . Over-expression IGF2BP2 in these mice rescues this pygmy phenotype, strongly supporting the role of this gene in growth [39] . Notably, IGF2BP2 also contributes to insulin regulation [41] and harbors risk alleles for type 2 diabetes [42] . Insulin dysregulation in the horse often signifies equine metabolic syndrome, a disease common in small pony breeds that might also possess height modifying IGF2BP2 alleles [43] . Thus, the relationship between these two phenotypes warrants further examination.
Conclusions
In previous work, we described four loci controlling a remarkable 83% of variation in height across diverse horse breeds [4] . Notably, these four loci are fixed in the AMH breed and thus do not explain the remaining variation in height within this population, nor they are useful for genome-assisted selection of breeding stock within the AMH. In the present study, we used a GWAS modeled for dominant inheritance and two statistics detecting signals of selective sweeps on the same diverse set of horses to discover two additional QTLs (at ANKRD1 and IGF2BP2 genes) contributing to size variation in the horse. However, our validation analysis was only able to validate the QTL at the ANKRD1 gene. This locus accounts for 7.98% of variation in AMH and enable effective genotype-assisted selection for body size in that population. Although this QTL offers a promising hypotheses regarding the etiology of height variation, further investigation in larger populations is required to determine the precise mechanism by which the ANKRD1 regions affect body size in the horse.
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Table S1
Genes within a span of 50 kb surrounding the XP_CLR, GWAS, and F ST significant QTLs. ANKRD1, RPP30, HTR7, and HMGA2 genes were implicated by QTLs in the GWAS as well as the XP-CLR analysis. The IF2BP2 QTL was suggested by the F ST . The LCORL locus is not listed here under the GWAS findings because it is about 100 kb away from the QTLs. ANKRD1  ANKRD1  R3HCC1L  RPP30  RPP30  MACF1  HTR7  HTR7  CABIN1  HMGA2  HMGA2  DDT  ZAP70  IGF2BP2  TMEM131  SENP2  RUNX3  CLIC4  ACTR1B  CDC42EP1  LGALS2  ANKRD54  TRIOBP  GCAT  PLCE1  HSPB9  KAT2A  DHX58  ZNF385C  NKIRAS2  DNAJC7  SEMA6A  GORASP2  TLK1  ENOX1  AGBL4  LMO4  TFEC  MRPS6  MICU3  FGF20  SLC40A1  APBA2  CC2D2A  C1QTNF7  SNRPA1  PCSK6  TTC23  LRRC28  ERC2  ARHGAP40  C2ORF70  CIB4  OTOF  SEMA3D  IBTK  CPNE4  PDCL  OR1Q1  OR1L1  OR1L3  SPRTN  EGLN1  EXOC8  LRRC18  GABRA4  C14ORF105  SLC35F4  CDC7  RNF38  TNFRSF11B (continued) KALRN  METTL8  GRK5  DHX35  IFNK  C9ORF72  SETD5  ARL15  ARID4B  GGPS1  SPINK2  KIAA1024L  NOV  DIP2C  IFT74  LRRC19  CAAP1  PLAA  XPNPEP2  SASH3  ZDHHC9  MYC  CA6  ENO1  FAM204A  BID  ECA-MIR-146A Abbreviations: GWAS, Genome-Wide Association Study; QTLs, Quantitative Trait Loci; XP_CLR, cross-population composite likelihood ratio.
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